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By Kenneth C. Weston 

? The effect of blunting on the  internal  performance of a  two-cone 
inlet with an Internally cylindzical cowl was investigated experimentally 
at a Mach mer of 4.95. Cowl-Up blunting  resulted in increases in 
peak pressure recovery (appro"t;eu 3 counts]  critical mass-flaw 
ratio  (apprnxtmately 3 COWS), brrt the mass-flaw increases  are  apparently . the result of  the spike shock spillage of all confi@;urations, Decreases 
in both peak total-pressure  recovery  and  critical mass flow resulted frcm 
spike-tip  blunting. Wave drag due to blunting is estimated. 
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Considerable  research has been done in the sugersonic talet field 
below  flight Mach nmbers of 4. 'phfs research has, in general, been con- 
cerned uith the use of sharp spike tlps and cowl l ips ,  with the exception 
of a few investigations  dfrected primarily at  improvement of supersonic 
inlet  performance  at  subsonic speeds (for instance,  ref. I). The use of 
sharp leading edges  at the low supersonic Mach 11'Lrm33ers has been relatively 
unchaUenged because of the large drag penalties and local  total-pressure 
losses  associated  with .a bow wave produced by blunting. 

Consideration of the aerodynamic  heating of sharp slender b e e s  in 
the hypersonic  speed  range, however, quickly leads to the conclusion that 
the structural  integrity of the l eading  edges of such bodies is at  best 
dlfflcult to maintain. It is w e l l  known that the leading-edge heating 
problem can be relieved by blunting;  stagnation-point heating rates de- 
crease as the inverse square root of the radius of  blunting, d the total 

0 tip  heat transfer is reduced  accordingly. 

In relieving  the  heating  problems through blunting,  it is expected 
d that  internal performance may be sacrificed and drag increased, The 



obvious effect  of  blunting is the  totel-pressure loss suffered by  the 
stream  tube  traversing  the  shock  wave in the  stagnation  region.  Be- 
cause  of  the  curvature  of  the  bow  shock,  the  total-pressure loss varies 
f'rcm narmal-shock value along  the  stagnation  streamline  to  cone or wedge 
value  at  distances Large canpared  with  the  radius of blunting. As a re- 
sult, a layer of low-total-pressure air adjacent  to  the body surface  is 
formed known as the  inviscid  shear layer (described and analyzed in 
ref. 2 j .  Reference 2 indicates that  friction and heat-transfer  character- 
istics may be influenced to a considemble  extent  by  the  shear  layer.  It 
is Ukely that,  for  the  inlet  application,  the  shear  layer  may  play a i 
significant  role in interactions Kith canpression  surfice and, diffuser 0 
adverse  pressure  gradients. It appears  that  these  intemctions would be 
detrimental to W e t  performance.  While  cowl  pressure drag increases 
with  blunting, 6- reduction in cowl  frfction drag may be  obtained  be- 
cause of %he  influence of blunting on boundary-hyer transition. 

Ln order  to  evaluate  the  effects of blunting em internal  perfarmance 
in the  bypersonic  range, a test pro~rasl was initiated and run Fn the Lewis 
labomtory variable Reynolds nmber Jet  at a Mach nmber of 4-95. Total- 
pressure-recovery and mass-flow data were  obtained for a range  of spike 
and  cowl  bluntnesses.  Actual d r a g s  were  not  measured,  but  the  magnitude 
of  the drag due  to  blunting  is  estimated. 

A n  investigation of the  effects of blunting  (including &ag measure- 
ments) on M e t  performance  at a Mach nrmiber of 3.0 was conducted slmul-  
taneously with the  present  tests and is repmted in reference 3. 

SYMBcaS 

area 

drag coefficient  due  to  blunting 

pressure  coeff'lcient 

Mach  number 

mass-flow rate 

reference mass-f1ow rate,  based on area x{% + rc) 
mass-flow ratio 

total  pressure 

total-pressure  ratio 
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static  pressure 

d.pamLc pressure 

cowl radius (deffned in fig. 6 
Fnternal cowl radius, 1.799 in. 
radLus of cowl blunting (defined fn fig. 6) 

radius of =pike bluntfng 

surface area 

angle  (defined in fig. 6) 

nacelle  angle 
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Subscripts: 

t stagnation value 

0 free-stream  conditions 

In order to determFne the effects of blunt- on internal W e t  per- 
formnce, a two-cone fixed-geetry canrparison inlet with an intemdly 
cylindrical cowl was designed  for a free-stream Mach ntmiber of 4.95. It 
is recognized that other inlet types, particulesly those emplaylng m i -  
able geometry, may p r d d e  significantly higher pressure  recoveries than 
the inlet  selected.  Nevertheless, the cmplications implicit In variable 
geometry  at high Mach numbers make the simplicity of the f'ixed-geametrg 
inlet attractive,  at least in the early develqpment of hypersonic engines 
(ref. 4). The caparison inlet was designed wlth a low-d2ag cowl (similar 
to that  of ref. 5 1 and. m@oyed sharp ~eaaing edges. w cone  angles  were 
selected as those giving mum total-pressure  recovery  consfstent wlth 
the  requirement  that the intermiU.y  cylindrical cowl deflect the cmrpressed 
f low fleld through an angle of approxitely 4 O  less than that for shock 
detachment.  These  cone  angles  were a 200 half-cone angle followed by a 
lZ0 increase in angle.  Centerbody and cowl coordinates are given in 
figure 1. 

Three  flush  centerbody  boundary-layer-bleed slots were  located in 
the throat in the vicinity of the shoulder. These slots are  designated 
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A, B, and C. E q u a l l y  spaced  holes  were  drilled  at  the  bottom of the  slots 
connecting  .K-lth  the  centerbody in te r ior .  Bleed  air was ducted  through  the 
centerbody  and  out  through  three  centerbody  support  struts of the  existing C 

model support system  (see fig. 2), W c h  were vented  to  free-stream  static 
pressure.  Bleed-slot  locations w e  gfven in figure 1. ALL data presented 
here  were  obtained  with  slots B and C filled  and  smoothed. 

The  campmison  Inlet  allowed  interchanging  the  blunted and sharp 
cowls  with no change  in  the  internal flow passage  (except  at the cowl 
U p ) .  All cowls  were  designed so that  the&  free-stream  stagnation  points 
were in the  same axial plane  relative  to  the  centerbody. This is illus- ; 
trated in -e 1 by  the  cowls  designated 2 and 3. C 

The ccmrparison inlet a l s o  incorporated a removable  .first  cone  that 
could  be  replaced  by  blunted  cones.  These cones were  identical  except 
in the blunted  spherical  tips,  which  were  tangent  to  the  4@-included- 
angle cone  surface.  These  cones are designated 2 and 3 in order of in- 
creas ing  blunting. All tests  were run with  the same effective  tip pro- 
jection  (except  those  Shawn in flg. 3(b) ) j  that is,  the  splke  tips  were 
changed  without  changing  the  relative  position of the  centerbody  and  cowl. 
Figure 1 shows  the  ratios of the  spike  and cowl bluntness radius to  the 
internal  cowl r m u s  (1.799 in. 1. 

Experimental  Procedure 

The arithmetic mean of the  pressures  obtained f'rm an area-weighted 
rake was taken as  the  diffuser-exit  total  pressure. The mass-flow ratio 
waa calculated  by  using a calibrated  choked plug and the  total-pressure 
recovery asslnning no change  in total pressure  between  rake and plug.  It 
should  be  noted  that  the  ideal  capture area m s  calculated using a cap- 
ture radius ccanposed of the SUM of the  internal  cowl radius (%) and the 
radius of blunting (rc). Thus, equal  mass-flow  ratios  with  different 
COWLS would result in difYerent mass flows for each  conf'iguration. 

The  experimental  tests were conducted in the NACA Leas variable 
Reynolds  number Jet at a Mach number of 4.95 and a simulated  pressure 
altitude of approximately 88,000 feet (with the  exception of one run shown 
i n  fig. 3(a)). The  tunnel  total  temperature was maintained  at Z50° f i6 '  F, 
and  the  dewpoint  at approxitely -70' F. The  test  Reynolds  number was 
1.66Xl6 based on reference  inlet  capture  diameter of 3.598 fnches. 

PERFaRMANcE aF CrnARISON 3xclE?T 

The  comparison  inlet was designed  with a cylindrical  cowl to turn  the 
internal flow through a shock  wave  in a manner similar to  the  inlet  re- 
ported in reference 5. It m s  indicated  there tht bleed  in  the  inlet 
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throat i n  the vicinity of the centerbody shoulder was recessmy t o  achieve 
attachment of the internal cowl shock at a Mach nuniber of 2 -95. This was 
not true for the present case (shaxp spike and cowl) a t  lbch 4.95. No 
combination of throat bleed slots or single slot was sufffcient for shock 
attachment. The fneffectiveness of the throat bleed is probably the re- 
sult of the more severe pressure  gradient of the internal cowl shock wave 
due to   the  higher  fiee-stream Mach nunher. The static-pressure  ratio 
across the cowl-generated  shock for the ccnnparison inlet i s  calculated t o  
be about 5.0 near the cowl, while a value of 2.3 was obtained for the In- 

? ? 
lets of reference 5. No bleed vasfatione were tested in conjunction with 
the  blunted  leading edges. TJ 6 

The effect of Reynold6 nuniber an performance of the ccqarison inlet 
is  shown in figure 3(a) . zche higher urrit Reynolds  nunher results i n  
higher peak pressure recovery and supercritical mass-flow ratios than the 
lower Reynolds nzmiber. Lnspection of the acccmpaqing schlieren photo- 
graphs indicates that this is indeed a bormdElry-layer  phenmenon. A t  the 
lower unit Reynolds nuniber, the boundary-kyer separation  bridging  the 
junction of the first and second  cones i s  enlarged. !l!Ms results Fn for- 
w'ard movement of the shock wave at the Separation  point so that it inter- 
sects  the =st cone  shock ahead of the cowl..  Such modiflcations of the 
cowl shock can result  in  signiffcant mass-flow losses, as witnessed by 
the large combined spillage asd bleed mass-flow r a t io s  (1 - m / q )  . The 
decreased pressure recovery is not so easily explained, but it appears 
t o  be intimately  associated with the  thickening of the  spike  junction 
separation, Because of the6e changes of inlet performance with the change 
in unit Reynold6  nmiber, it i s  apparent that the spike boundary. layer must 
be caref'ully  considered i n   i n l e t  design i n  the hypersonic regime. 

The effect of variation of spike-tip  projection on sharp-inlet per- 
formance is s h m   i n  figure 3(b). Increasing spike-tip  projection  re- 
sulted in decreases i n  both cr i t ica l  rmss-f'low ra t io  and peak pressure 
recovery. Design t i p  pro3ection i s  3.840 inches. 

Blunt-Inlet Performance 

The spike t i p  of the canparison inlet  can be replaced by a b l e e d  
spLke without changing the W e t  in  any other respect. Mgure 4(a) shows 
ccqarison-inlet performance as affected by spike  blunting. Spike blunt- 
ing resulted in decreased pressure recovery and supercritical mass-fl.0~ 
ratio. The decrease in mass-flow ra t io  is presumably the result of an 
increase in the slope of the initial shock in the vicinity of the cowl Up. 
!Phis change in the shock may be attributed to disturbances arising frm 
the combfned interaction of shear layer, canpression-surfce boundazy 
layer, and bitial conical flow field. 
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The variation of inlet  performance with s ike-tip  blunting  wben  the 
blunted  cowls  are  used is given in figures  4(ba  and  (c) . The  same  trend 
with  spike  blunting  is  apparent  with  the  blunted cowls as with  the sharp 
cowl.  Large  performance  decrements  are  observed in all cases when spike 
1 is  replaced  by  spike 2. Additional  blunting  (spike 3) resulted in 
little  further chmge in inlet  performance.  kridently,  further  spike 
blunting  must  eventually have a more  pronounced  effect on inlet  perform- 
ance. This was observed  with a spike (r,& = 0.150) blunter  than  spike 
3 in conjunction with the  blunted  cowls.  Unsteady  flow  and  very  poor 
pressure  recoveries  were  obtained in these  cases (data not  presented}. i 

C 

The  data of figure 4 are  rearranged in -e 5 to show the  effect 
of cowl  blunting on inlet  performance.  Figure  5(a)  shows  pressure- 
recovery - mass-flow-ratio  results  when  the cowl of the  comparison  inlet 
is  replaced by blunted  cowls.  Cowl  blunting  resulted in both  increased 
total-pressure  recovery aSa mass-flow  ratio. The variation of ~ S S - ~ ~ O W  
ratio  with  cowl  bluntness radius depends on the manner in. which  the  cowl 
is  blunted, on the  reference  area  chosen, and on the  relative  position 
of  cowl l i p  to  the  shocks Warn the  compression  surface. In the  present 
tests  the family of blunted  cowls was selected so that  the  spike-tip 
projection  (for a given  spike) has a constant  value.  The  reference  area 
was selected ES that  corresponding  to  the  radius Ri 4- rC,  since this 
gives mum mass-flow  ratios  of  unity  with  the  ttp  shock  inside  the 
cowl and, furthermare,  reduces  to  the usual deffnition  of  capture  area 
with a zero radius of blunting (sharp U p )  Because  of  the  camplexity  of 
the  flow  field  at  the  cowl  lip,  it  is difficult to  ascertain  the  reason 
for the  increase in mass flow  with  increase  in  blunting. As a check, a 
two-iUmemional  calculation was made  based on a flow model  that  presumably 
shulated the  spike  shock  spillage  near  the  cowl l i p .  Tbls calculation 
is in qualitative  agreement  with  the  observed mass-flow increases.  The 
increases  in  mass-flow  ratio  would  of  course  be  impossible if the sharp 
inlet had captured a f" stream  tuke. 

0 

Figures 5(b) and  (c)  show  the  effect of cowl  blunting on inlet  per- 
formance  with  spikes 2 and 3, respectively. The trend  of  performance 
with the sharp spike is reaffirmed  here  with the blunted  spikes. 

Estimate  of D r a g  Due to Blunting 

No force  measurements  were  made  in  the  present  tests,  but  it is of 
interest  to  estimate  the drag associated  with  cowl  blunting. An estimate 
can  be  readily  made of the  incremental  wave  drag coemcient due to 
blunting  for  the  simpliffed  case of external  shocks falling inside  the 
cowl so that  the cowl-Up pressure  distribution is well  represented  by 
the  Newtonian  pressure  distribution.  Details of the  calculation  are  pre- 
sented  in  the  appendix,  and  the  results in the form of wave drag coeffl- 
cient  due  to  blunting are plotted  against  bluntness r&us ratio in 

* 



. 
figure 6. The figure shows, for example,  that a &foot-diemeter  engine 
with a 0.935-inch  cowl  bluntness  radius can have an fncrementa.3- drag co- 
efficient due to  blunting of 0.10 at &ch 5 .O. At higher flight  Mach 
numbers  the  bluntness drag coefficient  increases only slightly,  but per- 
centagewise  the drag is much m a r e  signiffcant in t e r m s  of net  thrust  be- 
cause of the  decrease of engine thrust coefficients with increasing  Mach. 
nrrmber. However, reduction in friction drag due to  longer ruzls of laminar 
bmndazy layer may be ob- by  cowl  blunting. 

An experimental  investigation of the  effects of blunting on the per- 
formance of a two-cone  inlet with an internally  cylindrical  cowl  at & 

Mach number of 4.95 m a y  be smmarized as follows : 

1. Spike-tip  blunting  resulted in reductions in peak  total-pressure 
recovery and mass-flow ratio. 

2. Cowl blunting  resulted In increases in peak total-pressure  re- 
a covery and supercritfcal ~llase-flw ratio,  but  the mass-flow effect  is 

apparently the result of spike  shock  spillage. 

c 

Lewis Flight Propulsion  Laboratory 
National Adxtsory  Cammittee for Aeronautics 

Clevelsnd, Ohio, JUy 10, 1958 
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The incremental drag coefficient due t o  bluntness shown in  f igure 6 ' 

i s  obtained by integrating  the Newtonian pressure distribution, neglecting 
the centriAzgal  correction, Over a toroidal  area f'rm the  stagnation  point. 
-am the  definition of pressure-drag  coefficient, 

and the Newtonian distribution, 

the following integral i s  obtafned for  the  bluntness drag coefficient: 

Evaluation of the integral and expression of 
the following expression  for %,b in terms 
and €$J: 

in terms of R, gives 
of bluntness radius r a t io  

. 

For % = rc/2 (i .e., a zero  external  angle cowl) , 

This relation  applies only when the cowl l i p  is free of the Fnter- 
ference field formed by the   inlet  centerbody; that is, the spike shock 
m u s t  be inside the inlet.  Interference of the centerbody flow f ie ld  with 
the cowl shock causes a decrease i n  the area of the mEwdrmrm capture  stream 
tube as w e l l  as surface  pressure changes. These effects wi l l  result i n  
higher drag coefflcients  than  those  indicated. 

e 
The stagnation-pressure  coefficients used i n  figure 6 were calculated 

fo r  air in thermodynamic equilibrfum wlth the method of reference 6 and 
the thermodynamic property  charts of reference 7. 

b 
C 
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1 
2 
3 

1.168 
1.603 
1.620 
1.627 
1.627 
1.618 
1.580 
1.542 
1.492 
1.430 
1.378 
1.320 

Reference inlet 
centerbody coordinatee 

X Y 
0 
3.210 

0 

3 .go6 
3.950 

5.500 
4.000 

6 e o 0 0  

8 e 0 0 0  
7.000 

Spike 
designation 

COW1 bluntness radius 
Cowl % h i  

designation 

1 (Shsrp) 0.001 
2 

.a27 3 

. Oll 

Bleed slot coordinates 
Slot Distance to 

leading edge,  in. 

A 

4.594 C 
4.344 B 
4.094 

. 

m e  1. - Schematic diagram of supersonic inlet with pertinent dFmensiona. - 
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I I 
Tunnel t o t a l  Unit Reynolds 
pressure, number, 

.24 

.20 

.16r I I C-48360 

(b) Effect of t i p  projection on inlet performance. S h a r p  spike and cowl. 

Figure 3. - Reference inlet performance. he-stream Mach number, 4.95; 
slot A open. 

L 
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1 I I I I t I I C-48361 

(a) cowl 1 (sharp). 

e 0 
PI 

.7 -8 .9 -7 .8 .9 
m a - f l o w  r a t io ,  m/w 

(b) Cowl 2. (c) Cowl 3. 

Figure 4. - Eefect of apike bluntfng on inlet perfom- 
ance. Free-stream Mach number, 4.95; slot  A open; 
equivalent t ip   p ro jec t ions .  

13 
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.28 I I 

Cowl rc.Ri I 
I 

.16 I I I 

1 
2 
3 .027 

I I 

I I C-48362 

(a) Spike 1 (sharp). 

(b) Spike 2. (c) Spike 3. 

Figure 5. - Effect of cowl blunting on inlet  perform- 
ance. Free-etrem Mach number, 4.95; s l o t  A open; 
tip projectfon, 3.84 inches. 
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